Introduction 26
It is well known that the Bay of Biscay (BB) is a marginal sea with large 27 amplitude internal tides (ITs). Therein, ITs are mainly generated on the slope via 28 interaction between the barotropic tide and the steep topography [e.g. Pingree and 29 , 1991; Gerkema et al., 2004; Pichon et al., 2011] . Once generated, they 30
New
propagate both seaward and shoreward. Linear internal-wave theory and 31 observations show that the seaward traveling ITs propagate along a beam or ray path 32 with a slope to the horizontal given by: 33
inserted panel in Fig. 1a ). During the second observation period, that of 101 VMP/SCAMP measurements, the isotherms slope in the thermocline depressions 102 become steeper, implying the enhancement of IT nonlinearity. As a result, high-103 frequency ISWs are generated in troughs and surface velocities are increased (Figs. 2b 104 and 3a) . Note that the averaged time interval between two ISWs events is equal to 25-105 min, therefore ISWs could not be identified from temperature data due to their low 106 temporal resolution (about 20-min) but only from ADCP data. 107
We determine in the following the directions of propagation of ITs and ISWs as 108 well as their vertical structure. The large thermocline depressions often cause 109 southward velocity in the surface layer (Figs. 2c and 2d), implying a southward 110 propagation of ITs. These large southward interfacial tides likely result from the 111 scattering of the seaward traveling internal tidal beams generated on the northern 112 slope [G01]. However, a more complex pattern can be observed on Sept.19 th , 6h-12h. 113
During this period, two oppositely travelling troughs are observed in the large 114 thermocline depression: the first one generates southward surface velocity while the 115 second one induces northward surface velocity. The trough propagating northward 116 may be associated with internal tidal beams originating from the southern slope 117 [Pichon et al., 2011] . Since the velocity direction caused by ISWs is the same as that 118 of thermocline depressions (Fig. 2c) , their propagating direction is consistent with that 119 of internal tides. 120
To investigate the vertical structure of ITs and ISWs, we have computed vertical 121 modal functions of displacement Φ(z) and horizontal velocity Π(z) at semidiurnal and 122 1/25 min -1 frequencies following equations 6.10. 2, 6.10.3 and 6.10.6 from Gill [1982] . 123
Modal structures of waves with these two frequencies show large difference (Figs. 1c  124 and 1d), as the high frequency is larger than N below the thermocline (see Fig. 1b ). As6 a result, the high-frequency modes are trapped in the thermocline (Figs. 1d and 2b) . 126
To distinguish mode functions of high-frequency waves from that of low-frequency 127 waves, we refer to the former as trapped mode structures and to the latter as IT mode 128 thereafter. In order to infer IT mode structures, we compute time series of isopycnal 129 vertical displacement from CTD measurements. Then we extract the semidiurnal 130 amplitude for each depth using a harmonic analysis of the displacement time series. 131
The resulting normalized displacement profile at the semidiurnal frequency is plotted 132 in Figure 1c . The mode-3 structure roughly reflects depth variation of IT displacement 133 except for depths below 1800 m (Fig. 1g) , where more modes may be present due to 134 the downward IT beam. A mode projection on IT displacements by the least square 135 method indicates that mode-3 (mode-4) explains about 61% (23%) of total potential 136 energy above the depth of 500 m. Accordingly, the sum of the projected mode-3 and 137 mode-4 reproduces well the variation of semidiurnal displacement above 500 m depth 138 (Fig. 1c) . Meanwhile, measured velocity profiles when ISWs pass the fixed point are 139
well fitted by trapped mode-1 (Fig. 1i) . Note that as vertical advection of velocity 140 signals by thermocline displacements is strong (see Fig. 2c ), Eulerian depth of 141 velocity profiles in Figures 1h and 1i was transformed to semi-Lagrangian depth. 142
Interestingly, the vertical structures of IT mode-4 and trapped mode-1 are very similar 143 within the thermocline (Fig. 1e) , which suggests that the observed ISWs are likely to 144 result from mode-4 ITs. 145
Microstructure measurements 146
Time series of dissipation rates is shown in Figure 3b The time-mean profiles along isotherms also display the above depth variations of ε 157
and Κ ρ (inserted panels in Figs. 3b and 3c) . 158
In the 4-m shear field, a narrow band of strong shear caused by ITs is clearly 159 identified within the thermocline with the strongest stratification ( is larger than 1 and that the large-scale waves are stable toward shear instability. 165
Since the strong stratification in the top of the thermocline (Fig. 3d ) inhibits the 166 penetration of surface turbulence into the thermocline, the enhanced ε inside the 167 thermocline is likely to be associated with strong shears in the thermocline (Fig. 3e) . 168
Below the thermocline, weaker ε is associated with smaller shear and stratification. In 169 addition, dissipation rates as well as Κ ρ in the troughs are elevated relative to those in 170 the crests. This may be associated with disintegration of IT troughs into a group of 171
ISWs that further enhances turbulent mixing. 172
Mixing Parameterization 173
In order to investigate further the relationship between dissipation rates and 174 shear/stratification, the observed dissipations rate were averaged into logarithmic bins8 of N 2 and S 2 . Two parameterizations, MacKinnon-Gregg (M-G) and Gregg-Henyey 176 (G-H), are tested. The former was found to be relevant in situations where shear of 177 large-scale waves and energy of small-scale waves do not maintain a particular 178 relationship through the Garrett-Munk (GM) spectrum as illustrated for internal wave 179 mixing in the coastal ocean [MacKinnon and Gregg, 2003] , while the latter applies 180 for internal wave fields with the GM spectral shape and is widely encountered in the 181 open ocean [Gregg, 1989] . These two parameterizations are given by 182
and 185 sheared and stratified regions (Fig. 4a) . The distribution of the measured ε in the space 199 of N 2 and S 2 is qualitatively more consistent with the M-G parameterization (Fig. 4b) , 200 while it is evidently different from the G-H parameterization (Fig. 4c) . The 201 distribution pattern of the observed ε in the space of N 2 and S 2 during Scamp 202 measurement is also better reproduced by the M-G parameterization (Figs. 3d to 3f) . 203
However, in the regions of 7×10 -5 s -2 <N 2 < 3×10 -4 s -2 , the observed ε are evidently 204 larger than those predicted by the parameterization. This may be associated with 205 nonlinear waves, whose mixing cannot be described by the above two 206
parameterizations [Mackinnon and Gregg, 2003] . Note that most of ISWs appear 207 during Scamp measurements (see Fig. 3 ). In addition, Ri is partly found to be 208 between 0.25 and 1, but no evident correlation between this parameter and dissipation 209 rate is identified. 210
To obtain the trend of dissipation rates versus 
Discussion 222
In the previous section, we showed that the elevated turbulent mixing in the 223 thermocline mainly resulted from strong low-frequency (IT) shears. There large ITs 224 do not directly cause mixing because of their stability (Ri>0.25), but they are likely to 225 directly promote energy transfers toward smaller scale waves that ultimately become 226 unstable leading to mixing. These conditions are consistent with the simple 227 assumption behind the M-G scaling. As a result, we find that the observed dissipation 228 rate is largely reproduced by the M-G model. The simple assumption behind the M-G 229 scaling is that the large-scale shear providing the environment for scattering and 230 breaking of smaller waves results from a few low-frequency waves (ITs or near-231 inertial waves) rather than from a steady state background GM spectrum on which the 232 G-H scaling applies. This assumption is generally fulfilled in shallow costal seas such 233 as New England Shelf [MacKinnon and Gregg, 2003, 2005] 
and the Baltic Sea [van 234
der Lee and Umlauf, 2011] , where dissipations were also well parameterized by the 235 M-G model. Therefore, the M-G scaling is mostly known as a shallow water 236 parameterization. However, our observations in the deep sea that fulfill the M-G 237 assumptions, with an internal wave field dominated by a few vertical modes at the 238 semidiurnal frequency, show that the M-G scaling has a wider range of applications 239 than coastal seas. 240
The large ITs that we observe in the thermocline propagate southward and mostly 241 project on mode-3 and mode-4. It is quite likely that they result from scattering of IT 242 beams generated in the northern slope of BB when beams propagate upward from the 243 deep water and hit the thermocline following the scenario described by G01. In this 
